The electronic power transformer (EPT) raises concerns for its notable size and volume reduction compared with traditional line frequency transformers. Medium frequency transformers (MFTs) are important components in high voltage and high power energy conversion systems such as EPTs. High voltage and high power make the reliable insulation design of MFT more difficult. In this paper, the influence of wire type and interleaved winding structure on the electric field distribution of MFT is discussed in detail. The electric field distributions for six kinds of typical non-interleaved windings with different wire types are researched using a 2-D finite element method (FEM). The electric field distributions for one non-interleaved winding and two interleaved windings are also studied using 2-D FEM. Furthermore, the maximum electric field intensities are obtained and compared. The results show that, in this case study, compared with foil conductor, smaller maximum electric field intensity can be achieved using litz wire in secondary winding. Besides, interleaving can increase the maximum electric field intensity when insulation distance is constant. The proposed method of studying the electric field distribution and analysis results are expected to make a contribution to the improvement of electric field distribution in transformers.
Introduction
Medium frequency transformers (MFTs) are usually critical elements in high voltage, high power energy conversion systems, including electronic power transformer (EPT) [1, 2] , solid state transformers (SST) [3] , power electronic transformers (PET) [4] , and power electronic traction transformers (PETT) [5] . These energy conversion systems are especially suitable for converters of power systems, wind farms [1] , and traction converters, and they are expected to play an important role in future smart grid.
Previous works regarding MFT can be found in literatures [6] [7] [8] [9] [10] [11] . Literature [6] presents an improved thermal model for multi-layer winding consisting of litz-wire and the analytical calculation of maximum electric field strength in the core window area. Literature [7] proposes a design methodology of medium-frequency power transformer that accounts for a tuned leakage inductance of the transformer, core and winding losses mitigation, thermal management, and high isolation requirements. In literature [8] , two optimized transformer concepts, differing in their core material and cooling strategies, are constructed, aiming for different power density/efficiency goals, and the author proposes that the research on the effectiveness of the utilized isolation strategies concerning long term operation and different operation conditions should be addressed in order to make the high power EPT, and desirable efficiency can be achieved. Therefore, the switching frequency for the MFT is 1 kHz. The MFT works in a dc-dc converter as shown in Figure 1 , and the working voltage of this MFT is 1 kHz square wave with low frequency ripple. This paper is organized as follow: Section 2 introduces the FEM model of the MFT. Section 3 presents the six kinds of typical non-interleaved windings with different wire types and their electric field distribution results using 2-D FEM. Section 4 presents one non-interleaved winding and two interleaved windings and their electric field distribution results using 2-D FEM. Finally, in Section 5, the suggestions on insulation design of MFT are provided based on the FEM results and discussion in Sections 3 and 4.
MFT

Finite Element Modeling of MFT
2-D finite element method (FEM) is adopted to obtain the electric field distribution of MFT in this paper, using the finite element simulation software ANSYS (Maxwell 16.0, ANSYS, Pittsburgh, PA, USA). The case study is performed based on a 35 kW MFT used in a 10 kV EPT. The maximum working voltage of this EPT is 10 kV, thus, the target insulation voltage for this MFT is 10 kV, and safety factor [7] should be considered when determining the insulation distance. The structure of the core type MFT is shown in Figure 2a . The 2-D electrostatic finite element model of this MFT is established, and the meshed 2-D model is shown in Figure 2b . The core material is silicon steel with a thickness of 0.18 mm. The 400 Hz B-H curve data is used due to the lack of 1 kHz B-H curve data. A winding design scheme is shown in Figure 2b . The foil conductors are adopted in low voltage (LV) winding, and the flat copper wires are adopted in high voltage (HV) winding. The specifications and parameters of this 35 kW MFT are shown in Table 1 . The LV winding is arranged near the core column to reduce the insulation distance between core and windings. This paper is organized as follow: Section 2 introduces the FEM model of the MFT. Section 3 presents the six kinds of typical non-interleaved windings with different wire types and their electric field distribution results using 2-D FEM. Section 4 presents one non-interleaved winding and two interleaved windings and their electric field distribution results using 2-D FEM. Finally, in Section 5, the suggestions on insulation design of MFT are provided based on the FEM results and discussion in Sections 3 and 4.
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Electric Field Distribution of Different Windings
2-D finite element models of the six winding structures are established using ANSYS software. The insulation distances between winding layers are 1 mm and 0.3 mm for HV and LV winding layers respectively, and the insulation distance between HV and LV windings is 1.5 mm. A maximum excitation voltage of 1500 V and 384 V are given to HV and LV windings respectively. The excitation voltage decreases from one turn to the next turn, from up to down and from outer to inner. Figures 5a-c and 6a-c show the electric field distributions of the six windings.
As can be seen in Figures 5a-c and 6a-c, for foil conductor winding and flat copper wire winding, the peak value of electric field intensity occurs on the corner of the conductors, while for litz wire winding, the peak value of electric field intensity occurs on the middle edge of the conductors. The maximum electric field intensities Emax of the six winding structures are compared in Table 3 . The three windings with the maximum Emax are the windings using foil conductors in secondary winding, including N-1, N-2, and N-3, while the three windings with the minimum Emax are the windings using litz wires in secondary winding, including N-4, N-5, and N-6. According to the results of the maximum electric field intensities of the six windings, in this case study, compared with the foil conductor, smaller maximum electric field intensity can be achieved using litz wire in secondary winding. It is therefore advisable to choose litz wire in secondary winding to achieve a lower Emax. As can be seen in Figures 5a-c and 6a-c, for foil conductor winding and flat copper wire winding, the peak value of electric field intensity occurs on the corner of the conductors, while for litz wire winding, the peak value of electric field intensity occurs on the middle edge of the conductors. The maximum electric field intensities E max of the six winding structures are compared in Table 3 . The three windings with the maximum E max are the windings using foil conductors in secondary winding, including N-1, N-2, and N-3, while the three windings with the minimum E max are the windings using litz wires in secondary winding, including N-4, N-5, and N-6. According to the results of the maximum electric field intensities of the six windings, in this case study, compared with the foil conductor, smaller maximum electric field intensity can be achieved using litz wire in secondary winding. It is therefore advisable to choose litz wire in secondary winding to achieve a lower E max . Furthermore, the electric field intensities on predefined paths are studied. As it can be seen in Figures 5 and 6 , the maximum electric field intensities arise in the region between HV and LV windings. Therefore, two paths between HV and LV windings are predefined. Path 1 is a straight line near the LV winding that begins from the top of the LV winding and ends up to the bottom of the LV winding, which is 0.1 mm away from the LV winding, as shown in Figure 2b . Path 2 is a straight line near the HV winding that begins from the top of the HV winding and ends up to the bottom of the HV winding, which is 0.1 mm away from the HV winding, as shown in Figure 2b .
Winding Type
For non-interleaved windings N-1 (flat-foil), N-4 (flat-litz), the electric field intensities on path 1 are shown in Figure 7a . The local maximum electric field intensity on path 1 for winding N-4 is generally higher than that of winding N-1. For non-interleaved windings N-1 (flat-foil), N-4 (flat-litz), the electric field intensities on path 2 are shown in Figure 7b . The local maximum electric field intensity on path 2 for winding N-1 is generally higher than that of winding N-4 in most region. The main difference between windings N-1 and N-4 is that, the wire type of the LV winding is foil conductor for winding N-1, while litz wire for winding N-4. Therefore, in this case study, the foil conductor adopted in the LV winding can relieve the local maximum electric field intensity in the regions near the LV windings, while the litz wire adopted in the LV winding can relieve the local maximum electric field intensity in the regions near the HV winding. Furthermore, the electric field intensities on predefined paths are studied. As it can be seen in Figures 5 and 6 , the maximum electric field intensities arise in the region between HV and LV windings. Therefore, two paths between HV and LV windings are predefined. Path 1 is a straight line near the LV winding that begins from the top of the LV winding and ends up to the bottom of the LV winding, which is 0.1 mm away from the LV winding, as shown in Figure 2b . Path 2 is a straight line near the HV winding that begins from the top of the HV winding and ends up to the bottom of the HV winding, which is 0.1 mm away from the HV winding, as shown in Figure 2b .
For non-interleaved windings N-1 (flat-foil), N-4 (flat-litz), the electric field intensities on path 1 are shown in Figure 7a . The local maximum electric field intensity on path 1 for winding N-4 is generally higher than that of winding N-1. For non-interleaved windings N-1 (flat-foil), N-4 (flat-litz), the electric field intensities on path 2 are shown in Figure 7b . The local maximum electric field intensity on path 2 for winding N-1 is generally higher than that of winding N-4 in most region. The main difference between windings N-1 and N-4 is that, the wire type of the LV winding is foil conductor for winding N-1, while litz wire for winding N-4. Therefore, in this case study, the foil conductor adopted in the LV winding can relieve the local maximum electric field intensity in the regions near the LV windings, while the litz wire adopted in the LV winding can relieve the local maximum electric field intensity in the regions near the HV winding. Figure 8a shows the structure of a typical non-interleaved winding N-1. The foil conductors are adopted in LV winding, and the flat copper wires are used in HV winding. Figure 8b ,c illuminates the structures of two kinds of interleaved windings, I-1 and I-2 respectively. It can be seen that the wire types of the three windings are the same. Figure 8a shows the structure of a typical non-interleaved winding N-1. The foil conductors are adopted in LV winding, and the flat copper wires are used in HV winding. Figure 8b ,c illuminates the structures of two kinds of interleaved windings, I-1 and I-2 respectively. It can be seen that the wire types of the three windings are the same. Furthermore, the electric field intensities on predefined paths are studied. As it can be seen in Figures 5 and 6 , the maximum electric field intensities arise in the region between HV and LV windings. Therefore, two paths between HV and LV windings are predefined. Path 1 is a straight line near the LV winding that begins from the top of the LV winding and ends up to the bottom of the LV winding, which is 0.1 mm away from the LV winding, as shown in Figure 2b . Path 2 is a straight line near the HV winding that begins from the top of the HV winding and ends up to the bottom of the HV winding, which is 0.1 mm away from the HV winding, as shown in Figure 2b .
Interleaved and Non-Interleaved Windings
For non-interleaved windings N-1 (flat-foil), N-4 (flat-litz), the electric field intensities on path 1 are shown in Figure 7a . The local maximum electric field intensity on path 1 for winding N-4 is generally higher than that of winding N-1. For non-interleaved windings N-1 (flat-foil), N-4 (flat-litz), the electric field intensities on path 2 are shown in Figure 7b . The local maximum electric field intensity on path 2 for winding N-1 is generally higher than that of winding N-4 in most region. The main difference between windings N-1 and N-4 is that, the wire type of the LV winding is foil conductor for winding N-1, while litz wire for winding N-4. Therefore, in this case study, the foil conductor adopted in the LV winding can relieve the local maximum electric field intensity in the regions near the LV windings, while the litz wire adopted in the LV winding can relieve the local maximum electric field intensity in the regions near the HV winding. Figure 8a shows the structure of a typical non-interleaved winding N-1. The foil conductors are adopted in LV winding, and the flat copper wires are used in HV winding. Figure 8b ,c illuminates the structures of two kinds of interleaved windings, I-1 and I-2 respectively. It can be seen that the wire types of the three windings are the same. 
Electric Field Distribution of Different Windings
2-D finite element models of the three windings are established in ANSYS software. The insulation distances between winding layers is 1 mm and 0.3 mm for HV and LV winding layers respectively, and the insulation distance between HV and LV windings is 1.5 mm. A maximum excitation voltage of 1500 V and 384 V are given to HV and LV windings respectively. The excitation voltage decreases from one turn to the next turn, from up to down, and from outer to inner. Figure 9a -c shows the electric field distributions of the three windings respectively. The maximum electric field intensities Emax of the three windings are compared in Table 4 . The interleaved winding I-1 achieves the maximum Emax, and the non-interleaved winding N-1 achieves the minimum Emax among the three windings. Table 4 . Maximum electric field intensities.
Winding Type
Emax (V/m) Non-interleaved N-1 9.7331 × 10 5 Interleaved I-1 1.7234 × 10 6 Interleaved I-2 1.7203 × 10 6
The excitation voltage decreases from one turn to the next turn, from up to down, and from outer to inner. Comparing non-interleaved winding N-1 with interleaved winding I-2, the voltage of the third column is much lower than that of the first column (from outer to inner) for HV winding. Therefore, the voltage difference between the HV and LV windings for winding N-1 is much smaller than winding I-2, and the Emax of winding N-1 is smaller than that of winding I-2. Comparing interleaved winding I-2 with interleaved winding I-1, the voltage of the fifth foil conductor is higher than that of eighth foil conductor (from outer to inner) for LV winding. Therefore, the voltage difference between the HV and LV windings for winding I-2 is smaller than winding I-1, and the Emax of winding I-2 is smaller than that of winding I-1. According to the results of the maximum electric field intensities of the three windings, in this case study, compared with non-interleaved winding, interleaved windings achieve higher maximum electric field intensity. Thus, interleaving can result in the increase of the maximum electric field intensity when insulation distance is constant. 
Electric Field Distribution of Different Windings
2-D finite element models of the three windings are established in ANSYS software. The insulation distances between winding layers is 1 mm and 0.3 mm for HV and LV winding layers respectively, and the insulation distance between HV and LV windings is 1.5 mm. A maximum excitation voltage of 1500 V and 384 V are given to HV and LV windings respectively. The excitation voltage decreases from one turn to the next turn, from up to down, and from outer to inner. Figure 9a -c shows the electric field distributions of the three windings respectively. The maximum electric field intensities E max of the three windings are compared in Table 4 . The interleaved winding I-1 achieves the maximum E max , and the non-interleaved winding N-1 achieves the minimum E max among the three windings. The excitation voltage decreases from one turn to the next turn, from up to down, and from outer to inner. Comparing non-interleaved winding N-1 with interleaved winding I-2, the voltage of the third column is much lower than that of the first column (from outer to inner) for HV winding. Therefore, the voltage difference between the HV and LV windings for winding N-1 is much smaller than winding I-2, and the E max of winding N-1 is smaller than that of winding I-2. Comparing interleaved winding I-2 with interleaved winding I-1, the voltage of the fifth foil conductor is higher than that of eighth foil conductor (from outer to inner) for LV winding. Therefore, the voltage difference between the HV and LV windings for winding I-2 is smaller than winding I-1, and the E max of winding I-2 is smaller than that of winding I-1. According to the results of the maximum electric field intensities of the three windings, in this case study, compared with non-interleaved winding, interleaved windings achieve higher maximum electric field intensity. Thus, interleaving can result in the increase of the maximum electric field intensity when insulation distance is constant.
Furthermore, the electric field intensities on path 1 and path 2 for the non-interleaved winding N-1, interleaved windings I-1 and I-2 are investigated. The path 1 and path 2 are placed in the region where the electric field intensity reaches the maximum. For non-interleaved winding N-1, path 1 and path 2 are placed as shown in Figure 2b . For interleaved windings I-1, path 1 and path 2 are placed between the eighth foil conductor of the LV winding and the first column of the HV winding (from outer to inner). For interleaved windings I-2, path 1 and path 2 are placed between the first column of the HV winding and the fifth foil conductor of the LV winding (from outer to inner). Furthermore, the electric field intensities on path 1 and path 2 for the non-interleaved winding N-1, interleaved windings I-1 and I-2 are investigated. The path 1 and path 2 are placed in the region where the electric field intensity reaches the maximum. For non-interleaved winding N-1, path 1 and path 2 are placed as shown in Figure 2b . For interleaved windings I-1, path 1 and path 2 are placed between the eighth foil conductor of the LV winding and the first column of the HV winding (from outer to inner). For interleaved windings I-2, path 1 and path 2 are placed between the first column of the HV winding and the fifth foil conductor of the LV winding (from outer to inner).
The electric field intensities on path 1 and 2 for the three windings are shown in Figure 10a ,b. The electric field intensities on path 1 and 2 of interleaved winding I-1 and I-2 are much higher than those of the non-interleaved winding N-1. According to the simulation results of the three windings, in this case study, interleaving influences the electric field intensity. The electric field intensities on path 1 and 2 for the three windings are shown in Figure 10a ,b. The electric field intensities on path 1 and 2 of interleaved winding I-1 and I-2 are much higher than those of the non-interleaved winding N-1. According to the simulation results of the three windings, in this case study, interleaving influences the electric field intensity. 
Conclusions
First, the electric field distributions for six kinds of non-interleaved windings with different wire types are studied using 2-D FEM, and the results show that, compared with foil conductor, smaller maximum electric field intensity can be achieved using litz wire in secondary winding, and it is advisable to choose litz wire in secondary winding to achieve a lower maximum electric field intensity. Second, the electric field distributions for three different winding structures (one noninterleaved winding and two interleaved windings) are also investigated using 2-D FEM, and the results show that interleaving can increase the maximum electric field intensity when insulation distance is constant. Therefore, a change of insulation distance is advisable if interleaved winding is adopted. The proposed method of studying the electric field distribution and analysis results are expected to make a contribution to the improvement of electric field distribution in transformers. Though they are applied to MFT in this paper, the method is general and it is also applicable for power transformers. 
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